The hemiparasite European mistletoe (Viscum album L.) adversely affects growth and reproduction of the host Scots pine (Pinus sylvestris L.) and in consequence may lead to tree death. Here, we aimed to estimate mistletoe-induced losses in timber yield applying the process-based forest growth model 4C. The parasite was implemented into the eco-physiological forest growth model 4C using (literature-derived) established impacts of the parasite on the tree's water and carbon cycle. The amended model was validated simulating a sample forest stand in the Berlin area (Germany) comprising trees with and without mistletoe infection. At the same forest stand, tree core measurements were taken to evaluate simulated and observed growth. A subsample of trees were harvested to quantify biomass compartments of the tree canopy and to derive a growth function of the mistletoe population. The process-based simulations of the forest stand revealed 27% reduction in basal area increment (BAI) during the last 9 years of heavy infection, which was confirmed by the measurements (29% mean growth reduction). The long-term simulations of the forest stand before and during the parasite infection showed that the amended forest growth model 4C depicts well the BAI growth pattern during >100 years and also quantifies well the mistletoe-induced growth reductions in Scots pine stands.
Introduction
During the last decades biotic forest disturbances have become a global concern (Ayres and Lombardero 2000 , Seidl et al. 2014 , Anderegg et al. 2015 , Trumbore et al. 2015 . Against the background of climate warming there are even more biotic challenges to come that may threaten the forest ecosystem, namely (i) a change in the abundance and recurrence rate of parasites as well as the arrival of unprecedented parasites, (ii) a change in the composition and behavior of the parasites' vectors and (iii) the interactions among the before mentioned (see Reyer et al. 2017 for interactions between climate change and disturbances). These considerations drew our attention towards the vulnerability and resilience of forests worldwide (Ciais et al. 2005 , Choat et al. 2012 and triggered an interest in the quantification of potential timber losses.
One of the slowly developing biotic disturbances in Europe is the hemiparasite Viscum album ssp austriacum (mistletoe). The V. album group is native to most parts of Europe (Kahle-Zuber 2008) , extending its distribution from 10°W to 80°E and from 35°to 60°N. Temperature is the factor limiting the spread of mistletoe in the North, in the East and in elevation (Iversen 1944, Luther and Becker 1986) . In recent years mistletoe has been observed to spread rapidly, such as in the German federal state of Brandenburg, where the mistletoe infection rate among pine trees increased from 1% to 11% between 2009 and 2015 (MLU 2015 . In addition, it was found that the upper limit of mistletoe occurrences shifted 200 m uphill in the Alps during the last century (Dobbertin et al. 2005) .
The geographical propagation of mistletoe depends on the host's presence, the light regime, on the abundance of the vector (e.g., Turdus viscivorus, Cyanistes caeruleus, Sylvia atricapilla) and thus, to a large extent, on human landuse change. However, infection dynamics at the small scale (e.g., in the forest stand) are likely following a site-specific exponential growth during the first decades after infection. Yet, information on mistletoe infection dynamics is urgently needed to quantify mistletoe's adverse effect on pine trees' (Pinus sylvestris L.) secondary growth, as such data are scarce (but see Vallauri 1998 , Noetzli et al. 2003 .
Mistletoe attaches to trees, develops a haustorium to contact the xylem of the host Pinus sylvestris (Scots pine) and uptakes water and carbohydrates from the host, while maintaining a diminished photosynthetic capacity (Popp and Richter 1998) . This way mistletoe derives about 30% of its carbon demand from the host (Richter and Popp 1992) , whilst maintaining a high demand for water. The species shows hardly any regulation of water consumption. Even under severe drought stress mistletoe transpires close to the potential transpiration, long after the host has closed needle stomata (Schulze and Ehleringer 1984 , Escher et al. 2008 , Zweifel et al. 2012 . It is thus not surprising that mistletoe is well-known for its adverse effects on the host such as the evocation of reduced needle dimensions and reduced reproduction (Rigling et al. 2010 , Yan et al. 2016 , leading to reduced secondary growth (Tubeuf 1923 , Sanguesa-Barreda et al. 2012 ) and even contributing to tree mortality Rigling 2006, Rigling et al. 2010) . In the latter case mistletoe was discussed as a predisposing factor for enhanced pine mortality during drought stress.
Although from the above-mentioned studies there is good mechanistic understanding of the interaction between parasite and host at the tree level, there still remains the need to quantify the overall mistletoe-induced effect on stem increment at the tree and particularly at the stand level. Thus, we here (i) Implement the hemiparasite into the process-based ecophysiological forest growth model 4C using the universal water and carbon relations described below. (ii) Simulate forest growth of a specific infected forest stand. (iii) Validate the simulated growth pattern against dendrochronological data collected at the same infected stand.
The successful model will be applicable at any infected pine forest stand, providing a site-specific population growth function of mistletoe.
Dendrochronological methods are applied in a wide range of research topics ranging from reconstructing past climate (Büntgen et al. 2011) , the retrospective deriving of physiological plant responses (Farquhar et al. 1982 , McDowell et al. 2010 ) and age determination in solid wood to the detection of natural disturbances, such as fire, earthquakes, volcanic eruptions and insect outbreaks (Schweingruber 2012) . Here, we analyze the basal area increment (BAI) of infected and noninfected trees to validate the amended 4C model. We aim to answer the following research questions: (i) How strongly does a severe mistletoe infection affect Scots pine's secondary growth? (ii) Is it possible to generalize the mistletoe-induced reduction in BAI using an eco-physiological model in order to provide general information on potential losses in forest timber volume?
Materials and methods
Simulation of the impact of mistletoe on tree growth
Model 4C In order to evaluate the parasites' impact on forest stand growth the process-based forest dynamics model 4C (FORESEE -FORESt Ecosystems in a Changing Environment) was applied. 4C is being developed to describe forest response to changing environmental conditions on the tree and stand level (Bugmann 1997 , Lasch et al. 2005 , Reyer et al. 2014 , describing the carbon and water balances of the ecosystem. In 4C the development of a forest stand is described by the reproduction, growth and mortality of tree cohorts (classes of trees with identical dimensions and species type, e.g., age, foliage, sapwood, heartwood and fine root biomass). The model is forced with climatological data (mean temperature (°C), precipitation (mm), air pressure (hPa), relative humidity (%), solar radiation (J cm -2 ), and wind speed (m s -1 )) at daily resolution. The model weekly predicts net primary productivity (NPP) based on the absorbed photosynthetically active radiation (Haxeltine and Prentice 1996) . The gross primary production is reduced by a speciesspecific factor of respiration costs (52% for P. sylvestris, Landsberg and Waring (1997) , growth and maintenance respiration) to derive unstressed NPP. The unstressed NPP is reduced by a drought reduction factor (based on the ratio of water demand to water supply for each tree cohort) and a nitrogen limitation factor (based on the ratio of nitrogen demand to nitrogen supply for each tree cohort). Tree growth is implemented as the biomass turnover-reduced NPP distribution to the cohorts' pools of foliage, stem, fine roots and coarse roots, twigs and branches using an allocation scheme at the yearly time-step. The allocation follows the principles of the pipe model theory (Shinozaki et al. 1964) , functional balance (Davidson 1969) and allometric relationships (Mäkelä 1990) . The water balance is calculated at the daily time-step and will be explained in the following.
Implementation of mistletoe Stand-specific population dynamics of mistletoe follow exponential growth during the initial phase but parameters for the exponential function result from external factors such as the density and behavior of the vector. As these factors are outside of the scope of this study, we chose to externally prescribe the growth of mistletoe (a fit to observed data), whereas the impacts on the trees were implemented in a physiological way: mistletoe was implemented in the model 4C as another cohort of vegetation, similar to those of trees or ground vegetation, except for simplifications in biomass partitioning, mortality and amendments in NPP production and water supply. At model initialization, in the first year of simulation, one cohort containing one mistletoe individual was set up containing a dry foliage biomass of 15.8 g (the here used 'standard' individual, 10 years old; Pfiz and Küppers 2010), neglecting biomass compartments of stem and roots. In the following years foliage biomass of the mistletoe cohort was increased following an external population growth function explained below. The parasite was assigned to the tallest tree cohort, as these trees are commonly affected due to the preference of the natural vector species T. viscivorus (mistle thrush). The specific leaf area (SLA) of mistletoe, as required by the model to internally calculate leaf area, was extracted from the TRY database (Kattge et al. 2011 ).
Water demand of mistletoe Applying the model 4C we chose to calculate the potential transpiration demand of the forest stand following the approach of Turc/Ivanov (DVWK 1996) . The daily total transpiration demand reduced by interception evaporation is assigned to each cohort upon the cohorts' share of cohort-specific stomatal conductance (Haxeltine and Prentice 1996) to total canopy conductance (Gutsch et al. 2015) , including the cohort of mistletoe. The water demand of trees is fulfilled if the cohort-specific supply suffices it, otherwise NPP production is reduced accordingly. The supply of water is calculated from the cohort's relative share of fine roots on the sum of all cohorts' fine roots and in regard to the soil water content, separately for each soil layer and depending on the soil texture. We implemented in 4C that the water demand of the mistletoe cohort was added to the demand of the infected tree cohort. Thus, the host's demand for water increases above its intrinsic demand.
Carbon demand of mistletoe The potential mistletoeproduced NPP was calculated after Haxeltine and Prentice (1996) , as the model's prediction for trees (for NPP parameter selection, see Table S1 available as Supplementary Data at Tree Physiology Online). Mistletoe heterotrophically derives carbon from the host. Hence, we implemented a reduction of the infected tree cohort's NPP by an average value of 30% Popp 1992, Pfiz 2006 ) of the theoretically mistletoe-produced NPP.
Simulation experiment The growth of the above-described pine stand Berlin-Müggelsee was depicted before and during infection applying the model 4C. First, the model was initialized by the soil characteristics described above and the planting of 2500 2-year-old saplings of P. sylvestris in 1908. Growth of the stand was then continuously simulated forced by daily climate data up to the year 1993 (83 years). The climate data for the site was gathered and processed from the closest climate station (Berlin-Schöneiche), 7 km away (Gerstengarbe et al. 2015) . We applied a thinning from above (i.e., removal of 33% of the basal area in each decade beginning at the age of 35), common to that region (Lembcke et al. 2000) . Using the same initialization data (tree, soil and climate) we simulated the forest stand between 1994 and 2015 in three ways: (i) we simulated the growth of the stand as before, (ii) we applied the infection of mistletoe using both effects the water and carbon consumption and (iii) we applied the infection of mistletoe using the effect of water consumption only. Simulated tree ring widths were compared with measured tree ring widths (see below) by calculating a series of event years (particular years of a tree that show considerable variation in their tree ring width ; Cropper 1979) . Using this method, event years were identified by first z-transforming tree growth with a symmetric moving window and then assigning the number of standard deviations the year i deviates from the window average to the year i. In order to produce multiple series of event years we increased the critical threshold of standard deviations from 0.1 to 0.8. Then, we expressed the goodness of fit between observed and simulated values for each series of event years by the Pearson correlation coefficient r. The water-use efficiency of both, the simulated infected and non-infected tree cohorts was calculated as the ratio between the cohorts yearly NPP and the cohorts yearly transpiration.
Field measurements
Study site We studied a pine forest stand ('Berlin-Müggelsee') situated southeast of Berlin, Germany (52°26′12′N, 13°36′ 58′E), growing on Cambisol, defined by a sand-dominated soil texture (80-95%). Average tree diameter at breast height (DBH) was 34.9 ± 5.7 cm, average height was 20.8 ± 2.7 m, height of the base of the living crown was 3.4 ± 1.5 m and average crown radius was 3.2 ± 0.6 m in 2015. Trees were 107 ± 14 years old and the stand density amounted to 203 trees ha −1 . The study site is a silvicultural managed pine stand, stocking on a young moraine flat plane. The understory is covered by Sorbus aucuparia and Avenella flexuosa, apart from planted regeneration of Fagus sylvatica, Tilia cordata, Carpinus betulus and Quercus petraea in 2015. The temperate climate conditions are characterized by the oceanic and continental climate of Western and Eastern Europe, respectively. The mean annual temperature at the site was 9.6°C and average rainfall summed 578 mm year −1 during the last 30 years .
Sampling and measuring of tree cores We randomly selected 15 mature Scots pine trees with mistletoe infection and 15 mature Scots pine trees without infection. Chosen trees showed no further disease or disturbance and were regarded as representative of the total population (DBH 34.1 ± 6.8 cm, height 21.5 ± 3.4 m, age 105 ± 16 years).
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From each of these trees two increment cores were extracted with a 5 mm increment borer (Suunto, Vantaa, Finland) at breast height, taken perpendicular to each other. All increment cores were used to measure tree ring widths using a high-resolution scanner (1200 dpi) and WinDendro software. Tree ring widths of all cores were cross-dated visually and verified statistically by the program COFECHA. After averaging the two measurements per tree, the missing distance to the theoretical pith was estimated by fitting a circle to the innermost rings and each tree series was standardized by the measured stem radius (Beck 2010) . Next, the BAI was calculated in order to compare onsite measurements with model simulations. To proove the expected impact of mistletoe infection on tree growth, two ring chronologies were built as follows: individual raw ring series were detrended to remove age-related trends by using negative exponential and linear functions. Next, the series were standardized by dividing each series by the growth trend resulting in a dimensionless tree-ring width index (RWI), which was averaged among infected and non-infected individuals, afterwards. We related the RWI to the infection status (infected/non-infected) using linear models fitted by least squares:
where β 0 is the intercept, β 1 and β 2 are the parameters of the effects, i is the index of the measured year, inf is the binary variable of infection status and ε I is the error term. The temporal autocorrelation of the error term was accounted for, by using a ARMA correlation structure. The RWI was analyzed separately for the period before infection (22 years) and after infection (22 years) by mistletoe. If the interaction between the two effects of a model was not significant, we reduced the model to its significant effects only. Further potentially explaining effects on the RWI, such as tree height and DBH, were not included in the models as the sample size did not allow for more explaining factors.
Sampling of foliage Out of the 30 trees cored, another subsample of eight infected and seven non-infected trees was randomly selected and crowns of these trees were carefully harvested by climbing trees and gently lowering branches. The age of mistletoe individuals was determined by counting the branching. Further, fresh weights of needles (P. sylvestris), stems and leaves (V. album ssp austriacum) were determined in the field. Dry weights were calculated after drying subsamples of needles and mistletoes (leaf and stem) of each tree at 80°C for 48 h and determining fresh-to-dry weight factors. Samples of 100 needles and, where applicable, 100 leaves of mistletoe, per tree were frozen the same day of harvest to conserve size. Afterwards, these samples were defrosted and scanned (300 dpi) to evaluate total leaf area and SLA per tree using the free software ImageJ (Version 1.49 u) and the conversion factor in Perterer and Körner (1990) . As in European mistletoe, the photosynthetic area of green stems was found to equal the area of leaves (Míguez et al. 2015) , we defined the photosynthetic active plant area being two times the leaf area. We tested whether needle biomass significantly differed between infected and non-infected trees. The low sample size permitted the use of further potentially explaining variables. Data violated assumptions of normality and of homoscedasticity, and thus a non-parametric Kruskal-Wallis test was applied.
The photosynthetically active plant area of all mistletoe individuals per tree was related to the age of the oldest mistletoe individual found at the specific tree. Each tree felled portrayed a different infection history, so we reinterpreted the data as if each infected tree depicted a certain developmental stage of mistletoe population growth. An exponential function was fitted to the population growth data as an exponential development reflects expected growth of mistletoe populations during the first years (Pfiz and Küppers 2010). The 4C model was fed by this function in order to inform about the yearly amount of mistletoes's photosynthetically active plant area.
All statistical analyses were performed using the statistical software R, Version 3.1.2 (R Development Core Team 2014) including the package dplR.
Results

Simulations-pre-infection timeframe
The simulated BAI corresponded well to BAI calculated from measured tree ring width (R 2 = 0.61, Figure 1 (Table 1) .
Simulations-from point of infection to the year 2015
Between 1994 and 2007 simulated BAI follow in general the observed BAI (RMSE 5.4 for infected and 6.0 for un-infected growth), though simulated year-to-year deviations were smaller compared with observations ( Figure 2 ). In 2008, we observed a sharp decrease in growth followed by the divergence of the two growth curves, of infected and of non-infected trees. From 2009 on, the divergence increased in size as the photosynthetic plant area of mistletoe and the transpiration of the parasite-host system increased strongly (Figure 3) . The resulting NPP of the tree cohort decreased clearly from 2009 onward, and thus the wateruse efficiency (i.e., NPP * Transpiration 
Observed tree growth
Ring width indices of both non-infected trees and from 1994-on infected trees were found to run synchronously in relative but also in absolute values (Figure 4 ). Since 2007, the median growth curve of mistletoe-infected trees deviated from the median growth of control trees. Samples were found to comply with conditions of normality and homoscedasticity. The linear models revealed significant effects of the factor 'year', 'infection' and their interaction at the P = 0.005 level for the timespan after infection, but there was no significance for the factor infection before the infection with mistletoe ( Table 2 ). The mean growth reduction amounted to 29% in basal area increment for the time period 2007-15. To underline our results we calculated, for each year and both groups (infected, non-infected), the proportion of trees with growth below the average growth for the 30 trees in total (see Figure S2 available as Supplementary Data at Tree Physiology Online). Up to the year 1994 about 55% of trees had below average growth. In the following years, the proportion of trees with below average growth increased strongly for infected trees and thus, departs strongly from non-infected trees. Regressions of the linear trends after 1994 are significantly different at the P = 0.01 level (Table 3) .
Foliage compartments and mistletoe population growth
Needle biomass of infected trees was lower compared with needle biomass of non-infected trees (Kruskal-Wallis test, P = 0.006). Mistletoe biomass per tree was not linearly related to the tree ring width reductions (data not shown).
Total dry weight of biomass of all mistletoes per tree ranged from 3 to 19.6 kg (Table 3) , and dry weight of needle biomass ranged from 5 to 22.2 kg per tree. The weight of mistletoe Tree Physiology Online at http://www.treephys.oxfordjournals.org leaves per tree was 4-25% of the total foliage weight, i.e., the sum of mistletoe and pine foliage. Expressed as leaf area, all mistletoe leaves amounted to 1-11% of the total leaf area, i.e., the sum of mistletoe and pine leaf area (Table 3 ). The photosynthetically active plant area of all mistletoes individuals per tree was related to the age of the oldest mistletoe individual found at the specific tree ( Figure 5 ). Oldest observed individuals were 22 years old. Hence, we define the year 1994 (22 years before 2015) as being the starting year of mistletoe spread in the studied forest stand. The exponential growth function of mistletoe was approximated by
where MPAB equals the mistletoe photosynthetically active plant area and t equals the year after first infection ( Figure 5 ).
Discussion
Observed effect of mistletoe infection on tree growth
At the study site Berlin-Müggelsee, the mistletoe infection level was high. Before infection both studied cohorts grew at the same rate (Figure 4) . After the initial stand infection and a lag-phase of 12 years, infected trees significantly reduced secondary growth and exhibited clear signs of reduced foliage compared with noninfected individuals. During that time, infected cohorts responded more sensitively to climate because the parasite acted as an additional stress factor. Notably, after the dry year 2006, the BAI of infected trees were considerably lower in comparison to BAI of non-infected trees. In the following years, the largest differences between the two groups occurred during dry years, the e.g., 2011 and 2015.
We found a strong mistletoe-induced decrease in average tree-ring width of 32% during the last 9 years of infection, with an obvious trend toward stronger growth reductions. Although these results are highly dependent on species, pluvial environment, infection degree and the timeframe considered, they compare well with reported mistletoe-induced tree-ring decreases of 27-41% during 9 years and 26-63% during 8 years in Pinus nigra (Kanat et al. 2010, Catal and Carus 2011) and 40% found in P. sylvestris during 10 years (Sönmez 2014) . We observed a 29% decrease of BAI in 9 years, whereas (Sanguesa-Barreda et al. 2012) found a 51% decrease during 9 years on P. sylvestris in a Mediterranean environment.
Simulated effect of mistletoe infection on tree growth
The negative impact of mistletoe on BAI in the sample forest stand was well depicted by the model; simulations only slightly underestimated the parasitic effect between 2007 and 2015 (27% reduction in simulations vs 29% reduction in observations). The decreased growth was a result of mistletoes' universal extraction mechanisms of water and carbon (Schulze et al. 1984, Richter and Popp 1992 ) from the trees that was implemented into the model 4C together with the prescribed (and flexible) mistletoe population growth function. Nevertheless, we suspect a source of potential error in the mistletoe's total photosynthetically active plant area applied here. In this study we adopted the approach which states that green stems in mistletoe constitute about the same photosynthetic area as the leaves do (Míguez et al. 2015) . This relation is supported by DePuit and Caldwell (1975) , who found that stems and leaves transpire roughly the same amount in the xeric shrub Gutierrezia sarothrae and Bossard and Rejmanek (1992) who stated that green stems provided about 40% of total photosynthate produced by the shrub Cytisus scoparius. However, we assume that this relation is very species-and site-specific, as all beforementioned species do adapt their foliage (but not their stems) to current moisture availability at the site.
Long-term simulation of BAI
The model 4C reproduces well the absolute level of growth, the general growth trends and reproduces pointer years, which in sum is considered to be adequate in the context of estimating wood production and providing forestry advice. However, the model 4C does not reproduce in detail the year-by-year pattern of BAI. This is likely explained by two complementary facts. Firstly, there is limited understanding of the complex physiological processes involved in carbon allocation within trees (Franklin et al. 2012 ) and thus, process-based models are not yet able to reproduce the year-to-year carbon dynamics in detail (De Kauwe et al. 2014) . Secondly, 4C lacks storage pools in the allocation scheme of the model. Long-lived plants, such as trees, assimilate carbon to build up and maintain structural biomass on one hand. On the other hand an additional amount of (non-structural) carbon is stored in the tree to buffer stress events (Chapin Iii et al. 1990 ). The recent version of 4C's carbon allocation scheme neglects such storage pools and is thus a first approximation of this complex mechanism in trees. Hence, in the model, tree carbon reserves were neither accumulated nor mobilized, but all NPP produced in one year was being distributed (to growth and respiration) at the end of the same year. This means that in the model, NPP shortage in one year cannot be compensated by reserves of previous years, which explains rather drastic year-to-year variations in simulated BAI compared with the observed BAI (Figure 1 ).
Mistletoe population growth
The theoretical growth of a parasite population such as mistletoe in forest stands is thought to be sigmoid, starting with a lag phase followed by an exponential growth phase and ending with decreased growth due to increasing relevance of constraining factors, such as limitation of space or nutrients (Pfiz and Küppers 2010) . The studied mistletoe population here developed for 22 years. First, we observed a lag-phase of about 12 years, which may be explained by the fact that mistletoe fructifies only after 7 years (Zuber 2004) . Next, as expected, the biomass increase showed exponential form (as shown in Walldén 1961 , Vallauri 1998 , Pfiz and Kuppers 2010 , and last, the point of reduced population growth has not been reached yet, similar to the reported case by Noetzli et al. (2003) who studied a white mistletoe population on Abies alba. Thus, from the viewpoint of the forest stand we deduce that the host reactions (reduced foliage biomass and reduced secondary growth) have not yet been as strong as to affect the exponential mistletoe population expansion in the studied forest stand.
The harvested mistletoe population (n = 8 trees) allowed for a rough estimation of population dynamics given the proven exponential development (Vallauri 1998 , Noetzli et al. 2003 , Pfiz and Kuppers 2010 . This function was used as external input to the model. The population dynamics itself could not be predicted or simulated eco-physiologically (as done for the trees) because the site-specific expansion is very dependent on local factors such as, i.e., the density and preferences of the mistletoe-spreading vectors T. viscivorus, C. caeruleus and S. atricapilla (Varga et al. 2014, Mellado and Zamora 2016) . The bird's specific preferences and movements remain unknown. Hence, in order to keep the model flexible and transferable, we applied an approach that feeds the model with a stand-specific mistletoe population growth function. In turn, simulating further infected forest stands requires adapted growth functions of mistletoe populations derived from measurements, from the literature (as e.g., Walldén 1961 , Vallauri 1998 , Noetzli et al. 2003 or using an adaptation of the growth function applied here.
During the last decades, the hemiparasitic mistletoe has widened its distributional range in Europe (Dobbertin et al. 2005 , Varga et al. 2014 , MLU 2015 . As mistletoe infection may (i) severely disturb tree growth and (ii) predispose and contribute to tree death, there is a major need to quantify the effect of its disturbance in European forest stands in order to provide guidance to future silvicultural management and species selection. We here successfully present the first process-based approach to calculate the impact of mistletoe infection on the host P. sylvestris at the forest stand level. By now we are aware of only one similar approach that estimated the effect of mistletoe on the host's BAI. However, that approach used a purely statistical (GLM) method (Durand-Gillmann et al. 2012) . From our simulations, we found that stem wood was reduced by remarkable 9% (0.07 m 3 per tree) during 9 years of strong infection. 
Conclusions
The hemiparasite V. album ssp austriacum can reduce secondary growth in P. sylvestris to an extent relevant to forestry. The age of the stand at the initial parasite infection and the population growth of the mistletoe are key information to predict those losses in timber. We showed that the model 4C reproduces well mistletoe-induced timber losses on an ecophysiological foundation, which sets the basis on which to study future disturbance effects such as the expected losses in timber volume due to the recent accelerated spread of mistletoe in northeastern Germany.
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